Objective: This study aimed to (1) determine the sensitivity of the electrically evoked auditory change complex (eACC) to changes in stimulating electrode position; and (2) investigate the association between results of eACC measures and behavioral electrode discrimination and their association with speech-perception performance in pediatric cochlear implant (CI) users who have auditory neuropathy spectrum disorder (ANSD).
INTRODUCTION
Auditory neuropathy spectrum disorder (ANSD) is a form of hearing impairment that is characterized by evidence of cochlear function in conjunction with an aberrant auditory neural system. ANSD is prevalent in about 10 to 15% of children with newly identified hearing loss (Rance et al. 1999; Berlin et al. 2010) . Unlike sensorineural hearing loss, the effect of ANSD on auditory capability cannot be predicted based on the severity of hearing loss as measured by pure-tone audiometry, cochlear microphonic threshold, presence/absence of otoacoustic emissions, or steady state evoked potentials (Rance et al. 1999) . Cochlear implantation has been used to manage hearing deficits for patients with ANSD who do not benefit from hearing aids. Substantial across-patient variations in speech-perception skills have been reported for implanted children with ANSD (Miyamoto et al. 1999; Rance et al. 1999; Shallop et al. 2001; Buss et al. 2002; Madden et al. 2002; Mason et al. 2003; Zeng & Liu 2006; Gibson & Sanli 2007; Rance & Baker 2008 Teagle et al. 2010; Breneman et al. 2012) . Whereas many children with ANSD who receive cochlear implants (CIs) exhibit substantial benefit (Shallop et al. 2001; Buss et al. 2002; Madden et al. 2002; Mason et al. 2003; Teagle et al. 2010 ), a subgroup of children fail to show significant improvement in speech-perception performance (Miyamoto et al. 1999; Rance et al. 1999; Gibson & Sanli 2007; Teagle et al. 2010) . The mechanisms responsible for these variations are not yet well understood.
Accurate speech recognition depends partly on the ability of the auditory system to detect ongoing changes in the spectral patterns of incoming signals. CI users are known to have impaired spectral-pattern detection (e.g., Fu et al. 1998; Friesen et al. 2001; Loizou & Poroy 2001; Henry & Turner 2003) . Performance on tasks evaluating spectral-pattern detection correlates with vowel and consonant recognition in quiet (Henry & Turner 2003; Henry et al. 2005; Litvak et al. 2007) , speech perception in noise (Fu et al. 1998; Friesen et al. 2001; Fu & Nogaki 2005; Won et al. 2007 ), music perception (Won et al. 2010) , and identification of environmental sounds (Shafiro 2008) in CI users. One factor shown to partially account for the impaired spectral-pattern detection in implanted listeners is the number of "effective spectral channels" (Friesen et al. 2001; Jones et al. 2013) . The electrode array of a CI consists of 12 or more electrodes placed along the longitudinal axis of the cochlea. For devices that do not use current steering technology, the electrical current delivered by each electrode creates an electric field that stimulates the surrounding neural tissue. The electrical fields created by different electrodes typically overlap with each other, resulting in channel interactions wherein the same neural e64 HE ET AL. / EAR & HEARING, VOL. 35, NO. 3, population is excited by more than one stimulating electrode. The number of effective spectral channels of a multichannel CI will be reduced due to the lack of across-fiber independence. Psychophysical measures of electrode discrimination have been used to assess whether individual electrodes provide perceptually distinct spectral information in adult and child listeners with CIs (Throckmorton & Collins 1999; Dawson et al. 2000; Henry et al. 2000; Friesen et al. 2001) . Results of these studies showed that electrode discrimination and speech-perception abilities were correlated, and speech understanding could be improved if the number of effective spectral channels increased. While this behavioral measure can be used in adult and older child listeners, doing so in young prelingually deafened children can be a challenge. In addition, many children with ANSD have multiple disabilities or medical conditions that limit their ability to provide reliable behavioral responses despite advanced age. Therefore, it will be critical to identify some objective measures to evaluate electrode-discrimination capacities for these listeners so that decisions about communication mode can be made in a timely manner. If it could be determined that a child is unable to resolve spectral cues in speech, then it may be appropriate to consider a visual supplement to communication.
The auditory event-related potentials (ERPs), including the onset response and the auditory change complex (ACC), are cortically generated potentials that can be recorded from surface electrodes placed on the scalp. The onset ERP response is typically evoked by a brief stimulus, and the ACC is elicited by stimulus change(s) that occur within an ongoing, long-duration stimulation. The onset ERP and the ACC signal the neural encoding of sound onset and sound change(s) at the level of the auditory cortex, respectively. Results of several studies (e.g., Martin et al. 2008 Martin et al. , 2010 He et al. 2012) suggest that the ACC provides important insight into potential auditory discrimination capability of the brain. Previous studies have shown that the ACC response can be used to evaluate spectral-discrimination abilities in listeners with normal hearing (Martin et al. 2010; He et al. 2012 ) and listeners with ANSD (Dimitrijevic et al. 2011) . The ACC response increases in amplitude as the magnitude of spectral change increases (Martin et al. 2010; He et al. 2012 ). Martin (2007) described the electrically evoked ACC (eACC) recorded from one adult listener with ANSD using acoustic stimuli presented in the sound field. The stimulus set tested in this study included spectral changes in the second formant ranging from 0 to 1200 Hz. Results showed that stimuli that could not be perceptually distinguished did not elicit the eACC. However, this conclusion is based on results recorded from only 1 adult subject with ANSD. It is unknown whether this finding would generalize to implanted pediatric listeners with ANSD. Brown et al. (2008) described the eACC in response to changes in stimulating electrode position recorded from implanted adult listeners using direct-in stimulation. In this study, the speech processor microphone was bypassed and the electrical biphasic pulse train delivered directly to a single electrode by using proprietary software. This technique allows better stimulus control, which simplifies interpretation of results. In addition, previous studies (Brown et al. 2008; He et al. 2013 ) have shown that the amount of contamination caused by electric stimulus artifact on eACC responses recorded using this technique is negligible. Two basic stimulation conditions were used by Brown et al. (2008) to elicit electrically evoked auditory event-related responses (eERPs). In the "no-change" condition, the entire pulse train was delivered uninterrupted to a single electrode, and the onset eERP was measured relative to the onset of the stimulus. In the "change" condition, the eACC responses were evoked by presenting two pulse train bursts sequentially to two stimulating electrodes, each pulse train being half the duration of that used in the no-change condition. The separation between these two stimulating electrodes was systematically varied. Their results showed that the eACC was recorded from all subjects and the amplitude of the eACC increased as the magnitude of separation between two stimulating electrodes increased. Overall, results of these studies suggest that the eACC might be a promising tool for evaluating electrode discrimination in CI users. However, it remains unknown whether the eACC can be elicited by changes in stimulating electrode position in children with ANSD who use CIs. In addition, the relationship between measures of the eACC and behavioral electrode discrimination and their association with speech-perception performance has not been systematically investigated.
The purpose of this study was twofold: (1) to determine the sensitivity of the eACC in response to changes in stimulating electrode position, and (2) to evaluate the association between measures of the eACC and behavioral electrode discrimination and their association with speech-perception performance in children with ANSD. It was hypothesized that (1) eACC recordings could be used to objectively evaluate electrode-discrimination capabilities, and (2) variations in electrode-discrimination capabilities could, at least partially, account for differences in speech-perception performance in implanted children with ANSD.
SUBJECTS AND METHODS

Subjects
Fifteen implanted children with ANSD ranging in age between 5.4 and 18.6 years (mean: 9.6 years, SD: 3.7 years) participated in this study. All subjects were diagnosed with ANSD based on the presence of a CM (± OAEs) with absent auditory brainstem responses. None of these subjects had any known cognitive or neurological conditions that might affect central auditory processing. All subjects had been implanted with a Cochlear Corporation device (Englewood, CO) with full electrode insertions in the test ear, and the duration of use was at least 12 months before testing. All subjects received audiological management at the University of North Carolina at Chapel Hill. Five subjects were implanted unilaterally (S4, S5, S10, S11, and S15); all others received sequential bilateral CIs. Two bilaterally implanted subjects (S6 and S7) received Advanced Bionics devices (Valencia, CA) in their first ear of implant and, at a later date, received a Cochlear Nucleus Freedom device (Cochlear Corp., Sydney, Australia) in their second ear. Only the ears implanted with Cochlear Corporation devices were tested in this study. It should be noted that with their Advanced Bionics device only, S6 obtained a score of 20% correct and S7 obtained a score of 48% correct on Phonetically Balanced Kindergarten (PBK) words presented at 60 dB SPL live voice after more than 12 years of device use for both subjects. For all other bilaterally implanted subjects, one ear was chosen randomly for testing. For 13 of the subjects with ANSD, English was the only language used in their families. Two subjects (S2 and S11) were learning English as their primary language in school and used HE ET AL. / EAR & HEARING, VOL. 35, NO. 3, e63-e74 e65 a combination of English and Spanish at home. Detailed demographic information of subjects is shown in Table 1 .
All subjects were recruited from the Carolina Children's Communicative Disorders Program within the Department of Otolaryngology-Head and Neck Surgery at the University of North Carolina at Chapel Hill (UNC). The institutional review board at UNC approved this study. Written informed consent (using UNC institutional review board-approved forms) was obtained from the subjects before testing and all subjects received payment for their participation.
General Procedures
Each subject participated in open-set speech-perception testing, behavioral measures of dynamic ranges and electrode discrimination, and electrophysiological measures of the eACC in this study. These tests were undertaken in different sessions scheduled on the same day; test sessions lasted for up to 3.5 hours. In addition to spoken language, sign language and cued speech were used when necessary to facilitate subject instructions.
For behavioral and electrophysiological measures, the speech processor microphone was bypassed and electrical stimulation created with the use of custom-designed software incorporating Nucleus Implant Communicator programming routines was delivered directly to individual electrodes. The software also generated a trigger pulse coinciding with the onset of the stimulus pulse train that was used to synchronize the stimulating and the recording system. This technique has been previously described by Brown et al. (2008) and He et al. (2013) . The stimulus was a train of biphasic current pulses presented in a monopolar stimulation mode. The pulse width, duration of interphase gap, and pulse rate were adjusted for individual subjects based on their preferred programming map. Two stimulation conditions were used for both measures in this study: the "standard" condition and the "change" condition. In the standard condition, the 800 msec pulse train was delivered to a single mid-array electrode (electrode 12 for 14 subjects; electrode 11 for subject S5 due to an open circuit of electrode 12). In the change condition, the stimulus consisted of two constant amplitude pulse trains, each 400 msec in duration. The leading pulse train segment was presented on the same mid-array electrode as selected in the standard condition, and the trailing pulse train segment was presented on one of the following nine electrodes: 13, 14, 15, 16, 17, 18, 19, 20, and 22 . For subject S5, electrodes 13 and 22 were not tested because they were disabled due to short circuits; instead, electrode 21 was tested. For subject S9, only electrodes 12 to 16 were tested due to time constraints. For subject S14, electrodes 20 and 22 were not tested due to short circuits.
Speech-Perception Tests
For each subject, the open-set speech-perception ability was evaluated using PBK word lists presented at 60 dB SPL using monitored live voice through a loudspeaker placed at 0-degree azimuth in a single-walled sound attenuating booth. Responses were transcribed by experienced audiologists and scored for percent correct of words repeated. The stimuli (25 monosyllabic words) were presented in an auditory-only condition using preferred CI settings. For bilateral implant subjects, each ear was tested separately. Only scores for the experimental ear were included in this study.
Behavioral Measures
Behavioral detection thresholds and maximum comfortable levels were measured for each electrode tested by using an ascending method of adjustment. The stimulus was a 400 msec biphasic pulse train. The initial stimulation level was set to be inaudible and the subject was instructed to notify the experimenter when she/he first heard the stimulus. Once threshold (T level) was determined the stimulation level was slowly increased and the subject was asked to indicate when the stimulation level was judged to be "loud but comfortable" (C level).
After the T and C levels were obtained, two pulse trains were presented sequentially to the mid-array electrode (electrode 11 for S5 and electrode 12 for all other subjects) and one of the other experimental electrodes. Each pulse train was 400 msec in duration and there was no silent interval between the two pulse trains. The stimulation levels were initially set at the C level measured individually for each respective stimulating electrode. Subjects were instructed to compare the loudness of the two stimuli and inform the experimenter whether the second stimulus was louder, softer, or the same as the first stimulus. In cases where the two stimuli differed in loudness, the level of the second stimulating electrode was adjusted and the procedure was repeated until these two stimuli were perceived as equally loud. This loudness-balancing procedure was repeated three times for each electrode pair tested in the change condition. The loudness-balanced stimulation level was defined as the average of three estimations obtained for each electrode pair. The variations in three estimations ranged from 1 to 8 CU with a mean of 4.7 CU. Younger children tended to show more variation across three estimations than older children.
In the behavioral electrode-discrimination task, two bursts of pulse trains were presented sequentially to each electrode pair tested in the change condition at the loudness-balanced stimulation level. Each pulse train was 400 msec in duration and there was no silent interval between the two pulse trains. As reference, the discrimination task also included the condition where the two 400 msec pulse trains were presented sequentially to the same mid-array electrode (equivalent to an uninterrupted train of 800 msec). Before data collection, three practice runs were completed to familiarize the listener with the task and response requirements. In one practice run, the stimuli were presented to an electrode pair that was widely spaced and, therefore, easy to discriminate (e.g., electrode 12 versus electrode 22). The other two runs included stimuli presented to electrode pairs that were more closely spaced and therefore presumed to be more difficult to discriminate. Subjects were instructed to listen carefully to the stimuli and inform the experimenter whether they heard one or two sounds. For each electrode pair, this procedure was repeated six times and the order of these tests was randomized across electrode pairs. As a result, there were six responses for each electrode pair. The criterion level of four out of six responses was required for electrode pairs to be considered discriminable (i.e., reported as "two sounds"). Response time was subject driven and no feedback was given. The subject was able to listen to the stimulus pair again before responding if they so desired. The smallest electrode separation between two stimulating electrodes that could be discriminated was defined as the behavioral electrode-discrimination threshold. Our pilot data collection showed that using this approach rather than a fine-tuned psychophysical method for behavioral electrodediscrimination measure was necessary in this study to obtain results with reasonable accuracy in a timely fashion.
ElECTROPHySIOlOGICAl MEASURES
Stimulation Conditions
The stimulus was a train of biphasic current pulses 800 msec in duration with an interstimulation interval of 1200 msec. In the standard condition, the 800 msec pulse train was presented at the C level measured for electrode 12 (electrode 11 for subject S5). The standard condition was used to elicit the onset eERP response. In the change condition, the two 400 msec pulse trains were presented at the loudness-balanced stimulation level to each electrode pair as described earlier in the article and eERPs were recorded for each stimulation condition. The sequence of recordings was pseudo-randomized on a trial-bytrial basis across stimulation conditions. Figure 1 shows a schematic of the standard condition (upper panel) and one change condition (lower panel). In the change condition, the stimulating electrode changed from electrode 12 to electrode 15 after 400 msec of stimulation.
Electrophysiological Recordings
Subjects were tested in a single-walled sound booth. They were seated in a reclining chair and watched a silent movie with captions. Subjects were instructed to ignore the stimulus and to relax but not fall asleep during the recording session. Breaks were provided as necessary to ensure that they were able to comply with these instructions. Each recording session took approximately 2 to 3 hours to complete.
Electroencephalographic (EEG) activity was recorded using a Neuroscan SCAN system (version 4.4; Compumedics, Charlotte, NC) and a SynAmpRT amplifier (Compumedics, Charlotte, NC). Disposable, sterile Ag-AgCl surface recording electrodes were used to record the EEG. Responses were recorded differentially between electrodes positioned at Fz (positive) and contralateral mastoid (reference). A ground electrode was placed on the low forehead (Fpz). Eye-blink activity was monitored using two recording electrodes placed superior and inferior to the eye that was contralateral to the stimulating ear. Ocular artifacts exceeding 100 µV were rejected from averaging. Electrode impedances were maintained below 5000 Ohm with an interelectrode impedance difference of less than 2000 Ohm. The recording window consisted of a 100 msec prestimulus baseline and a 1900 msec peri-/poststimulus time. Responses were amplified (×10 gain) and analog filtered online between 0.1 and 100 Hz (12 dB/octave roll-off) before averaging. In all conditions, the raw EEG signal was sampled at a rate of 1000 Hz. After eye-blink rejection, the remaining (at least 100) artifact-free sweeps were averaged and two averaged responses were recorded for each stimulation condition and each subject. These replicates were averaged together, digitally filtered between 1 and 30 Hz (12 dB/octave) offline using custom-designed MATLAB software, and smoothed using a 40 msec wide boxcar filter before response identifications and amplitude measurements. 
Data Analysis
The eERP responses were independently assessed by two experienced researchers who were blind to subject identification and stimulation conditions. Grand mean averages were computed and used to determine the time windows in which the onset eERP response and the eACC occurred. The windows for the onset and the eACC response were from 20 to 250 msec and from 430 to 680 msec, relative to the stimulus onset, respectively. For each subject, all replicates measured for each stimulation condition as well as the averaged responses of these replicates were overlapped to show the repeatability. Intraclass correlation tests with a two-way random model evaluating the consistency were used to assess the test-retest reliability of the eACC replicates recorded for the same stimulating condition. In this model, both replicates for each subject/condition were considered random effects. Therefore, results of these tests can be generalized to other subjects, and they are not affected by the sequence of eACC recordings for each stimulation condition. The time window over which the correlations was assessed was from 430 to 680 msec. Visual identification of the onset eERP response and the eACC was based on peak latency, waveform morphology, and the replicable property of neural responses. Root mean squared (RMS) amplitudes were measured for both the onset and the eACC within these time windows. The RMS amplitude of a baseline period (1800 to 1900 msec) was also computed to estimate the noise floor for these recording traces. The presence of the eACC response was determined based on two criteria: (1) a visually detectable eACC response in the recording trace based on mutual agreement between the two researchers; and (2) an RMS amplitude during the eACC response window that was at least 50% larger than that of the noise floor. The objective electrode-discrimination threshold was defined as the smallest electrode separation that could reliably evoke the eACC response. The correlation between electrode-discrimination threshold and the PBK word score was evaluated using a Goodman-Kruskal's gamma test.
RESUlTS
The PBK word scores measured for all subjects with ANSD ranged from 0 to 96%, with a median of 76% correct. Results measured from individual subjects are listed in Table 2 . Subjects were classified as good or poor performers depending on whether their PBK word scores were higher or lower than 70% correct, respectively. This criterion was used in our previous study (He et al. 2013) . It was adopted in the present study for consistency.
The behavioral electrode-discrimination threshold was one electrode separation for 8 subjects. At least two-electrode separations were required for the other 7 subjects to reliably distinguish two sounds. Results measured for individual subjects are listed in Table 2 ; they suggest that subjects who had larger behavioral electrode-discrimination thresholds also exhibited poorer speech-perception performance. This observation is confirmed by results of a Mann-Whitney U test (p < 0.01).
The onset eERPs and the eACCs in response to changes in stimulating electrode position were successfully recorded from all subjects tested in this study. Figure 2 shows a collection of eERP responses recorded from these subjects. Left panels show responses recorded in the standard condition where the entire 800 msec pulse train was delivered to electrode 12 (electrode 11 for S5). Right panels show waveforms recorded in one change condition where the stimulation electrode shifted from electrode 12 (electrode 11 for S5) to electrode 22 (electrode 21 for S5, electrode 16 for S9, electrode 19 for S14) after 400 msec of stimulation. Display window for all graphs includes only the 100 msec prestimulus baseline and 1400 msec after stimulus onset for the sake of clarity. Responses recorded from individual subjects and the group average waveforms are shown in gray and black lines, respectively. The vertical dashed line indicates the time when the first 400 msec of stimulation ended. The onset eERP and the eACC response recorded from 11 subjects consist of a P1 peak and followed by a N2 peak occurring approximately 100 msec later. These responses are shown in the top panels. The P1 peaks of the onset and the eACC are labeled for these responses. The onset eERP responses recorded from 4 subjects (i.e., S6, S7, S10, and S11) consist of a typical P1-N1-P2 complex occurring within a time window of 20 to 250 msec after the stimulus onset. The eACC recorded from 3 subjects (i.e., S6, S7, and S10) also consists of a P1-N1-P2 complex occurring within a time window of 430 to 680 msec. In contrast, the eACC response recorded from subject S11 is dominated by a P1 peak followed by a N2 peak, which is less mature in waveform morphology than the onset response recorded from the same subject. These waveforms are shown in the lower panels of the Figure 2 . The P1, N1, and P2 peaks are labeled for the onset eERP responses, and eACC responses recorded from these subjects are indicated using a black rectangle and labeled as the eACC. Individual peaks of the eACC were not labeled due to variations in response morphology.
Peak latencies and RMS amplitudes of the onset and the eACC responses measured from individual subjects are listed in Table 3 . For 11 subjects whose onset responses consist of P1 and N2 peaks, P1 latencies of the onset response ranged from 67 to 144 msec with a mean of 99.1 msec (SD: 18.6 msec). N2 latencies ranged from 148 to 265 msec with a mean of 201.7 msec (SD: 26.9 msec). RMS amplitudes of the onset responses measured from these subjects ranged from 0.8 to 6.2 µV with 1.1 µV) . For 4 subjects whose onset responses consist of the P1-N1-P2 complex, P1 latencies of the onset response ranged from 27 to 76 msec, with a mean of 43.9 msec (SD: 14.0 msec). N1 latencies ranged from 74 to 116 msec, with a mean of 89.7 msec (SD: 13.2 msec). P2 latencies ranged from 132 to 191 msec, with a mean of 156.4 msec (SD: 14.2 msec). RMS amplitude of these onset responses ranged from 0.6 to 3.4 µV, with a mean of 1.5 µV (SD: 0.5 µV). The eACC recorded from 12 subjects was dominated by a P1 peak followed by a N2 peak. P1 latencies of the eACC measured from these subjects ranged from 464 to 588 msec with a mean of 500.6 msec (SD: 24.1 msec). N2 latencies of the eACC ranged from 525 to 712 msec with a mean of 593.4 msec (SD: 37.6 msec). The RMS amplitude of the eACC measured from these subjects ranged from 0.4 to 4.8 µV with a mean of 2.1 µV (SD: 1.1 µV). The eACC recorded from S6, S7, and S10 consists of a typical P1-N1-P2 complex. The P1 latencies of the eACC measured from these 3 subjects ranged from 417 to 505 msec, with a mean of 443.6 msec (SD: 21.4 msec). The N1 latencies ranged from 466 to 584 msec, with a mean of 492.8 ms (SD: 25.6 msec). The P2 latencies ranged from 535 to 694 msec, with a mean of 580.1 msec (SD: 16.6 msec). The RMS amplitude of the eACC measured from these 2 subjects ranged from 0.6 to 2.4 µV with a mean of 1.4 µV (SD: 0.5 µV). Fig. 2 . eERP responses recorded from all subjects for the "standard" condition (the left panels) and one "change" condition where there was the largest separation in electrode position tested for each subject (the right panels). Responses recorded from 11 subjects only showed P1 and N2 peaks. These responses are shown in the top panels. P1 peaks are labeled for onset and eACC responses in graphs shown in the top panels. Graphs in the bottom panels show eERPs recorded from 4 subjects whose onset responses showed the P1-N1-P2 complex. P1, N1, and P2 peaks are labeled for onset responses in these graphs. The eACC recorded from the change condition is indicated by a rectangle. eACC indicates electrically evoked auditory change complex; eERPs, electrically evoked event-related potential. Results of a two-tailed, dependent samples t test indicate that the onset responses show significantly larger RMS amplitudes than the eACC responses (t = 4.3; p < 0.01). Results of independent samples Mann-Whitney U tests show that RMS amplitudes of the onset response measured from good performers are significantly larger than those measured from poor performers (p < 0.01). Peak latencies of onset responses were not compared for these two groups due to variation in response morphologies. The objective electrode-discrimination threshold was one electrode separation for 8 of 9 subjects who were classified as good performers based on PBK word scores. In other words, the eACC could be reliably elicited when the stimulating electrode changed to an adjacent-apical electrode in these subjects. The remaining good performer subject, S5, deviated from this finding with a PBK score of 76% and an objective electrodediscrimination threshold of two-electrode separation. For those 6 subjects who were classified as poor performers, a spatial separation of two stimulating electrodes was required for the eACC measures. Figures 3 and 4 show individual waveforms recorded for subjects who required one-electrode or two-electrode separation for the eACC measures, respectively. In each figure, dashed lines indicate the time when the first 400 msec of stimulation ended. Each trace represents an averaged response of 100 artifact-free sweeps. Two replicates recorded for each stimulation condition were overlapped to show the repeatability. The stimulating electrode used for the second 400 msec of stimulation is labeled for traces recorded for each stimulation condition. Response peaks are labeled for these waveforms, and subject numbers are listed on the left in each figure. Panel (A) of Figure 3 shows responses recorded for the standard condition, panel (B) shows responses measured for the eACC condition associated with their objective electrode-discrimination threshold (i.e., one-electrode separation), and panel (C) shows eACC responses elicited by the largest electrode separation tested in these subjects. Responses recorded from 7 subjects are shown in Figure 4 . Panel (A) shows responses recorded for the standard condition, panel (B) shows responses recorded when the stimulating electrode moved to the adjacent-apical electrodes, panel (C) shows responses measured for the eACC condition associated with their objective electrode-discrimination threshold (i.e., two-electrode separation), and panel (D) shows responses elicited by the largest electrode separation in these subjects. It should be pointed out that a small response to the offset of stimulation was also observed at a latency of 900 to 1150 msec. The general morphologic characteristics of the offset response were similar to those of the onset response recorded for the same subject. In addition, this offset response was recorded for all subjects who required one-electrode separation for the eACC measures but was only recorded for a subgroup of 3 subjects who required two-electrode separation for the eACC measures in the standard condition (left panels of Figs. 3 and 4 ). However, a careful inspection of responses recorded from individual subjects revealed that the offset response was not reliably recorded for all stimulating conditions. Further inspection of results shown in these two figures and those listed in Table 2 suggests that results of objective and behavioral electrode-discrimination Fig. 3 . Electrically evoked event-related potential responses recorded for three stimulation conditions in 8 subjects with auditory neuropathy spectrum disorder who show an objective electrode-discrimination threshold of one electrode. The first dashed line indicates the time when the first 400 msec segment of stimulation ended. e70 HE ET AL. / EAR & HEARING, VOL. 35, NO. 3, thresholds were consistent. Changes in stimulating electrode position that could not be reliably distinguished on the behavioral task did not elicit an eACC and vice versa.
In general, the two replicate eACC responses recorded for any given stimulating conditions showed good replicability. For each subject, the test-retest reliability of these replicates was evaluated using intraclass correlation tests with a two-way random model evaluating the consistency. The mean intraclass correlation coefficients (ICCs) range from 0.66 to 0.86 for these subjects. Figure 5 shows eERP responses of 4 subjects recorded for all stimulation conditions tested in these subjects. These responses show various degrees of test-retest reliabilities as indicated by the mean of ICCs calculated for all stimulation conditions listed in each panel. Each trace represents an averaged response of 100 artifact-free sweeps. Two replicates recorded for the same stimulation condition were overlapped together. Vertical dashed lines indicate the time point when the first 400 msec of stimulation ended. Subject numbers are indicated in the low left corner of each panel. For subjects S8, S9, and S14, the onset and the eACC responses are dominated by a P1 peak and followed by a N2 peak. These peaks are labeled for the top two traces. Filled and open triangles indicate P1 peaks of the onset and the eACC responses for other traces, respectively. For subject S6, eERP responses consist of a P1-N1-P2 complex. These peaks are labeled for the top two traces. Filled and open triangles indicate N1 peaks of the onset and the eACC responses for other traces, respectively. The objective electrodediscrimination threshold was one electrode for subjects S8 and S9 and was two electrodes for subjects S6 and S14. Figure 6 shows RMS amplitudes of the eACC response plotted as a function of the second stimulating electrode number. Each type of symbol indicates results measured from 1 subject.
The left panel shows results from good performers and the right panel shows results from poor performers. RMS amplitudes exhibit marked intersubject variability. While some subjects (e.g., S2) show large RMS amplitudes, others (e.g., S15) show small amplitudes. For all subjects, the dependency of RMS amplitude on degree of electrode separation is nonmonotonic. Again, there is variability across subjects. While increasing separation between stimulating electrodes generally causes the RMS amplitude to increase for some subjects (e.g., S2), it shows little or no effect on other subjects (e.g., S5 and S15). Results of an independent sample Mann-Whitney U test show that RMS amplitudes of the eACC measured from good performers are significantly larger than those measured from poor performers (p < 0.05). Figure 7 shows PBK word scores plotted as a function of electrode-discrimination threshold for all subjects. Results of a Goodman-Kruskal's gamma test are shown at the upper right corner. This test was chosen because data on electrode-discrimination thresholds were ordinal with many ties. These results showed that electrode-discrimination threshold was significantly correlated with PBK word score (γ = −0.96; p < 0.01), which suggests that the larger the electrode-discrimination threshold, the poorer the speech-perception performance in these subjects.
DISCUSSION
The first aim of this study was to investigate the feasibility of recording the eACC in response to changes in stimulating electrode position through the CIs of children with ANSD by using direct electrical stimulation. Our results indicated that eERPs, including the onset and the eACC responses, could reliably be recorded from children with ANSD by using direct electrical stimulation, which is consistent with results of our previous study (He et al. 2013) . The onset response recorded in this study showed characteristics that were generally similar to responses recorded from normal-hearing children (Martin et al. 2010) as well as from children with sensorineural hearing loss (SNHL) who are CI users (e.g., Sharma et al. 2005) . However, significant variations across subjects in peak latencies and RMS amplitudes were observed for these onset responses.
The eACC in response to changes in stimulating electrode position has been described for adult CI users with acquired SNHL (Brown et al. 2008 ). In the present study, the eACC was recorded from all subjects with ANSD by using a similar experimental paradigm and testing technique. Morphologic characteristics of the eACC were similar to those of the onset response for 12 subjects. However, for 3 subjects, the eACC & HEARING, VOL. 35, NO. 3, response showed less mature morphologic characteristics than the respective onset response recorded from the same subjects. RMS amplitudes of the eACC response were significantly smaller than those of the onset response, which is consistent with published literature (Brown et al. 2008) . The test-retest reliability of the eACC was assessed using intraclass correlation tests. The mean ICCs ranged from 0.66 to 0.86, which is generally consistent with results of previous studies (Friesen & Tremblay 2006; He et al. 2013) . Unlike results reported by Brown et al. (2008) , the effect of increasing separation between the two stimulating electrodes on RMS amplitudes was nonmonotonic for all of the ANSD subjects tested in this study. Whereas Brown et al. (2008) showed that eACC amplitudes generally increased as the distance between the two stimulating electrodes increased for the majority of their subjects, there was no consistent pattern of RMS amplitude dependency across subjects in the present study. This discrepancy could be due to differences in subject populations and methodologies across the two studies. Brown et al. measured the eACC from adult CI users with SNHL. In contrast, pediatric CI users with ANSD were tested in this study. One fundamental attribute of ANSD is reduced neural synchrony, which, by definition, can cause aberrant neural response patterns in far-field recordings. It is unknown precisely how much neural synchrony is restored by electrical stimulation in subjects with ANSD, and it is possible that some degree of neural dyssynchrony remains in these subjects even with electrical stimulation. We speculate that this difference in functionality of the neural substrate may partially account for the difference between our results and those reported for adult CI users by Brown et al. Moreover, as Brown et al. themselves pointed out, a possible limitation of their study was a potential confound between electrode differences and loudness differences due to the stimulation levels used. It has been shown that the eACC can be evoked by changes in stimulation levels in CI users by using direct electrical stimulation (Kim et al. 2009 ), and that the eACC evoked by changes in stimulation level cannot be distinguished from responses evoked by changing stimulating electrode position based on general characteristics of the change potential (Kim et al. 2009 ). Martin and Boothroyd (2000) have shown that the acoustic ACC evoked by a concurrent change in spectrum and stimulation level is larger in amplitude than the ACC evoked by either change alone. Therefore, the discrepancy between our study and that by Brown et al. could partially be caused by differences in stimuli used in these two studies.
The second aim of this study was to assess the association(s) between results of eACC recordings, behavioral electrode-discrimination measures, and speech-perception performance in implanted children with ANSD. In the present study, results of eACC recordings were consistent with performance on behavioral electrode-discrimination tasks. The eACC could be reliably elicited by a change in stimulating electrode position that could also be behaviorally distinguished. Conversely, the eACC could not be recorded in stimulation conditions where the subject could not behaviorally detect changes in stimulating electrode positions. Elicitation of the eACC response from the poor performers required a larger minimum electrode separation between the two stimulating electrodes than for the good performers. For the 6 poor performers, a minimum of two-electrode separations was required for the eACC measures. Electrode-discrimination capacities were correlated with speech-perception performance for subjects tested in this study. However, these results need to be interpreted with caution because subject S5 required two-electrode separations for the eACC recordings even though he achieved 76% correct on PBK word score.
Results revealed clear differences between the groups with different speech-perception performance, with the onset and eACC responses appearing more robust in the good performers. While this observation is consistent with those reported previously for nonimplanted ANSD subjects (Narne & Vanaja 2008; Sharma et al. 2011) , the underlying mechanism(s) responsible for these differences remains to be elucidated. One possible explanation is that these poor performers have less neural synchrony and/ or less neural activation than the good performers despite the use of electrical stimulation. Studies using positron emission tomography have shown that CI users with good speech performance have higher levels of cortical activity than those with poor speech performance (Herzog et al. 1991; Fujiki et al. 1999 Fujiki et al. , 2000 . Compared with poor performers, good performers showed greater neural activity in the auditory association cortices but not in the primary auditory cortex (Herzog et al. 1991; Fujiki et al. 1999 Fujiki et al. , 2000 . These observations indicate that differing neurophysiological states exist within the auditory system of these two groups of children who have similar ANSD profiles. Further work is clearly needed in this area. While varying degrees of neural dyssychrony and/or neural activity is highly probable among children with ANSD, age differences might account for some of the findings in the present study. Specifically, the adult-like P1, N1, and P2 peaks observed in the 2 poor performing children could partially be explained by their older age at implantation and testing (Table 1) . Previous work in non-ANSD subjects suggests that the RMS amplitude of the onset response recorded from Fz decreases from age 9 years onward due to development changes in cortical auditory ERPs (Ponton et al. 2000) . Further studies testing larger groups of ANSD subjects and incorporating more complicated recording paradigms, such as high-density EEG recordings, are needed to better delineate this issue.
Another interesting finding of this study is that eERPs recorded from the second implanted ear of 2 poor performers (i.e., the test ear in this study) showed general characteristics that are age appropriate for these 2 subjects (Ponton et al. 2000) . Both subjects received their second implant after a substantial time of unilateral CI use. Specifically, subject S6 received her first implant at age 2.1 years and her second implant at 15.6 years 
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of age. Subject S7 received her first and second implants at ages 5.7 and 12.7 years, respectively. (Recall that the first implants in these 2 subjects were Advanced Bionics devices and therefore were not testable using our procedure. Only the second implants-both Cochlear Nucleus devices-were tested.) Our results (Figs. 4 and 5) showed that responses from these 2 older subjects did not exhibit prolonged latencies or negative peaks associated with hearing deprivation as described by Sharma et al. (2005 Sharma et al. ( , 2009 . Differences between our results and those of Sharma et al. could be due to differences in methodologies used across studies. In the Sharma et al. studies, a synthesized speech syllable /ba/ was presented in the sound field, and this stimulus was transduced by the subject's speech processor to evoke the eERPs. Therefore, the entire electrode array was stimulated during the recording. In contrast, here the eERP was evoked by a biphasic pulse train that was directly presented to a single electrode. It is possible that abnormal responses might have been recorded if complex stimuli such as speech had been used in this study. A second difference across studies is that the two bilateral CI users reported in the study by Sharma et al. (2005) were followed only up to 9 months after they received their second CIs. It is possible that eERPs could have shown age-appropriate characteristics if these two subjects had been followed-up for a longer period of time. In congenitally deaf cats, O'Neil et al. (2010) showed that synapses in the central auditory cortex could be preserved by contralateral electrical stimulation via an indirect pathway at early age. Therefore, unilateral CI use, in theory, could preserve the contralateral auditory pathway to a certain degree. Therefore, our results suggested that it might be premature to make clinical recommendations and/or conclusions based only on morphological characteristics of the electrically evoked onset response because all 6 poor performers showed normal morphology of onset response.
Our previous study (He et al. 2013 ) showed a robust correlation between temporal resolution abilities as revealed by measures of the eACC in response to temporal gaps and speech-perception abilities in children with ANSD. Results of the present study demonstrated a strong correlation between spectral-pattern detection and speech-perception abilities in children with ANSD. It should be pointed out that 7 subjects participated in both studies. Subject number assigned to these participants, their PBK word scores, and results of eACC measures recorded in these two studies are shown in the Appendix Table A1 . PBK word scores recorded in different test sessions showed small variations. However, these variations did not change their subject classification (i.e., good versus poor performers). Among these 7 subjects, 3 children had less than 70% correct on PBK word scores measured in both testing sessions. These 3 subjects required at least two-electrode separation and a minimum of 20 msec of temporal gap for eACC measures, which suggested that both temporal resolution and spectral-pattern detection deficits might account for their poor speech-perception performance. All good performers except for subject S5 (S6 in the study by He et al. 2013 ) required only one-electrode separation and a temporal gap of 10 msec or less for eACC measures. S5 achieved a PBK word score of 76% in both testing sessions. His gap-detection threshold was 5 msec, which was comparable with all other good performers. However, the fact that his electrode-discrimination threshold was two electrodes away suggested a deficit in spectral-pattern detection, which might account for his less-than-ideal PBK word score.
CONClUSION
The eACC in response to changes in stimulating electrode position can be reliably recorded from ANSD subjects with CIs using direct electrical stimulation. These responses show variations within and across ANSD subjects. Electrode-discrimination capacities measured using eACC recordings were consistent with those measured with behavioral testing procedures. Compared with good performers, the 6 poor performers tested in this study required a larger separation in stimulating electrode position to evoke the eACC response. Electrode-discrimination capacities were correlated with speech-perception performance for subjects tested in this study. Increasing separation between two stimulating electrodes did not show consistent effects on eACC amplitude. These results suggest that the eACC holds great promise as an objective tool for evaluating spectral-pattern detections in implanted children with ANSD, which may provide predictive information about their speech-perception performance. 88  5  S3  88  1  S3  92  5  S5  76  2  S6  76  5  S6  16  2  S14  16  50  S11  72  1  S9  72  10  S12 32 2 S12 44 20 S14 36 2 S13 40 50
Results listed in each row were recorded from the same subject. Subject numbers assigned to these listeners in these two studies were different. PBK, Phonetically Balanced Kindergarten. 
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